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THE USE OF OXIDES IN THERMOCHEMICAL WATER-SPLITTING CYCLES
FOR SOLAR HEAT SOURCES. COBALT OXIDES

W. M. Jones and M. G. Bowman

University of California, Los Alamoz National Laboratory
Post Office Box 1663, Los Alamos, New Mexico 87545, U.S.A.

ABSTRACT

The concept of utilizing cxlde decompositions in advanced thermochemical hydro-
gen cycles for solar heat so~rces is introduced. It has particular interest in
al”~owing direct transmission of energy to the process through an “air window”.
A cycle for the C0304-COO pair ~ould be, schematically:

C0304 - 3CO0+ 1/2 02 (1)

12(s,1) +M9(OH)2+ 3CoO_Mg12(aq) +C0304+H~O(l) (2)

H20+ Mg12(aq) - M90 + 2HI (3)

2HI-H2+12 (4) ~

MgO + H20= Mg(OH)2 (5)

Re~ction (2) shol~ldgive ~ high concentration of Mg12that would be favorable
for (3). The solutions would olso contain iod~ne dissolved as polyioclide, part-
ly offsetting this advarlt~ge, Prel{minar,y results lndica?.e that reaction (2) is
slow at 150”C. It is surmised that the mechanism of (2) consists of the iodine
disproportfonation reaction (6), followed by reaction (7).

12(s,1) +Mg(0H)2= 5/6 Mg12(aq) + 1/6 Mg(Io3)2(ul) + H#(l) (6)

l/6Mg(103)2(aq) + 3CO0- l/6Mg12(aq) + C0304 (7)

Other workers have found (6) to be relatively fast and with a good yield at
150”C. tie have found reartion (7) to be sufficiently slow at 150-C to account
for the slowness of (2). The yield of (7) was found ‘tobe proportional to the
square root of the time, which suggest% that iodate must diffuse through an &d-
herent, accumulating Co304 layer. Since (7) is much faster when Mg(I03)2 is
replaced by KI03, the magnesfum ion may cataiyze formation of an adherent Co 04

t!!sp~nel layer or enter Into the structure of the layer. The reactivity of Co In
the KIOg analog of (7) is ~reatly decreased by exposure to high temperature.



KEYWORDS

Oxides in solar water splitting; cobalt oxides; iodate oxidation of cobalt
monoxide.

INTRODUCTION

In addition to solid sulfate cycles as advanced alternatives to sulfuric acid cy-
clt?s, it is apparent that cycles based on solid oxide decomposition as the high
temperature step may offer unique advantages for coupling with a solar furnace,
since the oxide can be heated and decomposed in air at temperatures where the ox-
ygen dissociation pressure exceeds the pressure of oxygen in the atmosphere.
Thus the oxide could be heated directly by solar rad~ation entering through an
“air window” and the difficult problem of transmitting heat to the process, ei-
ther through a container wall or a quartz window, might be greatly simplified.
The key to practicality for such cycles will be determined by the chemistry of
the ?OW temperature reactions required to form the oxide plus an intermediate
that can evolve hydrogen as a product ir!an additional sequence of reactions.
Since the decomposition of an oxide exhibits a relatively low entropy change (in
comparison to sulfate decomposition) one might expect that the low temperature
reactious will be reasonably complex and will probably require solution chemistry
for separating the oxide from other products. However, it is quite possib?e
that the advantages of oxide cycles for solar heat may overshadow the disadvan-
tages of the sclution chemistry.

At Los Alamos, studies have been initiated to determine practical conditions for
the low temperature steps in oxide cycles. Oxide decomposition reactions are also
being evaluated in rotary kiln and fluidized bed systems. Specific oxides being
considered for a range of decomposition temperatures are:

3Fe203 - 2 Fe304 + 1/2 02 Td 1750-1800 K

2 Cuo = CU20+ 1/2 02 Td 1350 K

C0304 - 3 coo + 1/2 02 Td 1250 K

3 Mn203 = 2 Mn304 + 1/2 02 Td 1225 K

2 Mn02 - Mn203 + 1/2 02 Td 800 K

Our
dit
ted
ror

initial study is on the C0304-COO pafr. It should be emphasized that con-
ons for the low temperature reac.tfons must still be determined and demonstra-
te poss~ble advantages, however, appear to offer sufficient justification
significant effort, not cni.yat Los Alamos but also in other laboratories.

APP~.ItATION OF THE C0304-COO PAIR

Several thermodynamic studfes (JANAF Tables, 1974; U.S. National
dards, 1968-1973) ~ndicate the feasibility of decomposing C0304
oxygen at high temperatures. 4 cycle based on this rcactfon, w
temper~ture reactfons represented schematically, would be:

C03C)4- 3 (-!)0+ 1/2 02

Bureau of St~n-
to COO and
th lower

[1)



12(s,1) + Mg(OH)2+ 3 COOmM:L3?[;(~)+CO304 + H20(1)
= - 93.3 kJ, AS” = - 81.2 J/K

(2)

Mg12(aq) + H20 _MgO+ 2HI (3)

2HI m H2 + 12 (4)

MgO + H20 - M9(OH)2 (5)

The complication of ~odine dissolved as polylodlde is Ignored. Some experimental
results pertaining to reaction (2) are reported here. Weighed reactants of (2),
in stoichiometric proportions (ea. 5 tnnolCOO) or with a sm~ll excess of 12,
were placed with abou:.3 ml ti20 in reaction vessels, which were then flushed
with nitrogen, closed, and immersed in baths. Reactants were magnetically
stirred during the reaction. Teflon-capped glass ReactI-Vials (5 ml) were used
at 78” and 93 C. Most-of the experiments were run In a Teflon Parr bomb tnw
mersed in a
final solid,
and alcohol,
terns showed
the COO reac

It seemed li

50-C oil bath. Reaction times were from one to twenty hcurs. The
or part of it, was freed from I

?
with solvents, washed with water

and dried in air or a vacuum. he x-ray powder diffraction pat-
COO and Mg(OH)2 but not C0304. Probably not nmre tharllo%of
ed according to (2).

ely that a mechanism for (2) would Involve disproportionatlon of
12 In the presence of Mg(9H)2, followed by oxidation of COO by fodate.

12(s,1) + Mg(oti)2 - 5/6Mgl (aq) + l/6Mg(IOq)~(aq) + H20(1)
fAG”(298 = 12.6 kJ, AS- = - 22.6 J/K (6)

l/6Mg(103)2(aq) + 3 COO . 1/6 MgI (~q) + co Od
f J

(7)
AG”(298 = - 10:, kJ, As” m - 58.6 J/K

Reaction (6) is not very favorable at 298 K and, making questionable use of the
above AS” involvlng ionic entropies at 298 K, ;nlght be expected to be less favor-
able at higher temperature. However, reaction (6) has been studied at 150-C in
the context of thermochemical hydrogen by Mason, Farr and Bowman (1980) at Los
Alamos and by Japanese worker~ (Kumagai dnd others, 1980); apprect~ble d{spropor-
t{onation was obtained in a few minutes, at lea$t with excess 12 (Thomas,
Pence, and Hasty, 1980). It wds also apparent in the present work on the over-
all reaction (2) that reaction (6) had occurred to some extent, both from &h?
color of the 13- {on formed and in one 150”C run from measurement of the io-
dide Ion concentration with a specific (on electroa~ at the end of the run and
at room temperature. In work on (6) at 24-C (1-), corrected for (13-), was
about as predicted. Higher (1-) was observed after the ISO”C run.,

Reactioc (7) was therefore studied as d potential source of the slowness of reec-
tioi~(2). 1’ the first exp~rim~nts KI03 rather than Mg(I03)~ was

1/3 K]03(aq) + 1 COO _ 1/3 Kl(aq) + C0304 (8)

used. The reaction yield, limited by the COOpresent, wds obtained by iodimctric
determination of th~ final iod~te. In a 15 h blank run 99.5~”of the initial lo-
dbtt? was recovered. The results given in Table 1 show that reaction (8) (s rea-
sonably fast, except for Huns 3 ~nd 5. The COO for Runs 1, 2, 4, and 6 of T4ble
1 was the same as had been used II the work on reaction (2). The COO for Run 7
(ar(dfor the run of Table 2) was from a second preparatlol~ by the same me!.hod.... . .... J * .. . *L_ ~_fi i-a.ba M-m-}+Am fimIIIAArefi,lntf,jl.
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TABLE 1 Rt tion

1/3 KI03(aq) + 3 COO= l/3KI(aq) + C0304; 146.5oC

Run Time, hour Initi\l Composition Product Fractional Yield

coo/KIo7/H20 x-ray
COO, millirnoles

11

2

3

4

52

6

73

15.3 1/0.1270/69.2 C0304 0.77
2.38

19.3 1/0.10S8/65.5
3.33

C0304 0.85

1.0 1/0.1195/49.7 coo
2.33

19.3 N coo 0.05

3.5 1/0.1233/61.2
5.37

C0304 0.85

19.7 1/0.1233/62.4 coo <0.10
5.28

0.75 1/0.1236/61.5
5.36

0.75 1/0.1239/30.6
5.37

C0304 0.86

C0304,CO0 0.55

1 Run 1 also had 0.30mil litnolesMg(OH)2.
2 Yield estimated from nonappearance of C0304 In x-ray.
3 New preparation of COO used.

Except for Runs 3 and 5, the COO was prepared by thermal decomposl ion of COC03
4in a vacuum system at 300’-4OO”C with a final 10 h evacuation (10- torr) at

500”-550”C; the particle $izc was 1 urnor less. The COO used in Run 3 hdd been
mad? by oxidizing some of this COO in air to C0304 and decomposing the lat-
ter in a vacuum system at 870”C for 5 h. The COO used In Run 5 was made by C.
L. Peterson by passing fine C0304 powder through a laboratory-s:ze rotating
kiln in an atmosphere of argon. The re$idence time in the 1010 C hot zone was
about 1 min. Formation of COO at high temperatures clearly reduces its reactiv-
ity. All of these materials had tt’wx-ray powder diffraction pattern of COO.

Next, reaction (7) itself was studied at 150”C using Mg(IO )2.4Hz0 dissolved
in HO.

f
7The M912 concentration was determined with an iod de specific ion

elec rode after quenching the reactor to room temperature, The calibration solu-
tions were made by dtlutions of a solution 0.793 M irtMg12 and 0.1629 M in
Mg(CIO )2 (kept under nitrogen).

1
The perchlorate served to simulate the con-

tribut on to the ionic strength of the Iodate formed with iodide in (6). The re-
act~on slurries were close to pH7 at room temperature. The results of the single
run made are shown in Table 2 and Fig. 1. The reaction rates are much slower.,. * .L- u.*. ..~-1~h* *k- cnilawa



TA6LE2 React.i?fl

1/6 Mg(IO~)2(aq) + 3 COO- l/6Mg12(aq) + C0304; 150.OoC

CoO/Mg(I03)2/H20= 1.00/0.0628/38.4

(COO) = 5.29 mil”limoles
.“.. . . .

Molarity — Fractional
time, hour (MgI~) x 103 Yield, Mg12,. .,.,

1.29 0.0161
2!:; 2.43 0.0303
47.0 3.42 0.0427
69.8 4.08 0.0509

. .

~—T——~ -

li6Mg(1C3)2(aq.)+sCo0 = -

C0304 + 1/6 Mg 12(aq.)

I:50* c

[M9(103)2]0 = 0.0S05 M

/
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w

/
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.

/
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t , hr[/2J
FIQ. 1. ~ractlonal reaction yield versus time.

After the analysis at 6.2 h, the speed of the magnetic stirrer was Increased by
about & facior of three with no effect. fjetween47,0 and 69.3 h, the rc~ctlon-. . .-- -- , ,.-. AL. .---lalm 4-- -l-a6--4- _ .11k-.&J--



adherent Co~O~ spinel layer may be catalyzed by magnesium ion, itself a fcm-
mer of spinels, or the magnesium may be incorporated into the structure. The
small extent of reaction is sufficient to explain the presence only of COO in
the x-ray diffraction pattern of the solid product.

CONCLUSIONS AND FUTURE kJORK

The observed slowness of the Mg(I03)2 - CoO reaction (7) is sufficient to ex-
pl~in the slownesz of the overall reaction (2). The effort should be 0,1reiic-
tion (7), which is much simpler to study than the composite reaction (2). It
might also be desirable in a process to conduct (6) and (7) separately. It
should be determined whether magnesium is present in the product layer, say as a
magnesiu~cobalt spinel, or whether the ion acts in some other way, say as a cat-
alyst for formation of a C0304 spinel adhering to COO. Investigation should
be made f the effects of varying temperature,

!!
solution concentrations (especial-

ly of Mg ‘), and ptl especially in increasing the pH tow”~d a value of roughly
[9 characteristic of 2)). The effort appears to be justiied by the high magces-

ium iodide-polyiodide concentrations that should be provided by (2) for reactiun
(3).

Means for increasing the reactivity of COO formed at high temperature must also
be inve~,tigated. Treatment by steam, etching by aqueous CC!2or other solu-
tions, etc. can be tried.
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